Introduction
============

Gastric cancer is one of the most common types of cancer, currently, and it remains a worldwide burden as the second leading cause of cancer-associated death, whereas the incidence rate is gradually rising every year in the world ([@b1-ijo-51-05-1383],[@b2-ijo-51-05-1383]). Though a variety of advances, such as surgery, have been achieved to inhibit gastric cancer progression in recent years, the therapeutic effect is still far from satisfactory ([@b3-ijo-51-05-1383]). Furthermore, various chemical drugs are suggested as the first-line therapy. However, side effects are observed due to cytotoxicity ([@b4-ijo-51-05-1383]). In addition, the drug resistance to chemotherapeutics develops in gastric cancer cells, resulting in tumor recurrence and even further progression ([@b5-ijo-51-05-1383],[@b6-ijo-51-05-1383]). Therefore, the drug resistance of chemotherapy is considered as a major clinical obstacle to successful treatment, and new chemotherapeutics, including drugs in combination, used against human gastric cancer are still needed ([@b7-ijo-51-05-1383]). Cisplatin (DDP)-based chemotherapy is reported as the main strategy to prevent human gastric cancer. However, drug resistance is also a major obstruction for DDP chemotherapy ([@b8-ijo-51-05-1383],[@b9-ijo-51-05-1383]).

Licorice, known as medicinal plant in China, Korea and Japan, has a variety of pharmacological activities, including antibacterial, anti-inflammatory and antioxidant activities, and even anticancer ability ([@b10-ijo-51-05-1383],[@b11-ijo-51-05-1383]). Liquiritin (LIQ) is a main component among the licorice flavonoids, and has also been suggested to possess anti-inflammatory and anticancer abilities ([@b12-ijo-51-05-1383],[@b13-ijo-51-05-1383]). However, its effects, as well as its combination with DDP, have not been well investigated on the regulation of human gastric cancer with drug resistance.

In the present study, for the first the synergistic effect of LIQ on DDP-induced apoptosis and autophagy was evaluated in human gastric cancer SGC-7901/DDP cells. Our results indicated that LIQ enhanced the sensitivity of SGC-7901/DDP cells to DDP treatment through inducing G0/G1 cell cycle arrest, increasing the pro-apoptosis via upregulating the cleaved caspase-8/-9/-3 and PARP, and inducing autophagy by improving LC3B and Beclin 1 expression. *In vivo*, LIQ enhanced the suppressive effects of DDP on tumor growth in SGC-7901/DDP xenograft model. Our results suggested that LIQ might serve as a synergistic drug with chemotherapeutic drugs DDP in the prevention of gastric cancer.

Materials and methods
=====================

Cells and culture
-----------------

The drug (DDP)-resistant SGC7901/DDP cells were purchased from the KeyGen Biotech Development Co., Ltd. (Nanjing, China). The cells were grown in RPMI-1640 medium containing 10% (v/v) fetal calf serum (Gibco, USA), 100 U/ml penicillin, and 100 *µ*g/ml streptomycin. All cells were then incubated in a 37°C incubator with 5% CO~2~. SGC7901/DDP cells were routinely maintained in the above RPMI-1640 medium containing 10 *µ*g/ml cisplatin (Sigma-Aldrich Chemical Co., USA). Lquiritin (purity, HPLC ≥98%) was obtained from Xi\'an Jing Cheng Biological Technology Co., Ltd. (Xi\'an, China).

Cell death analysis
-------------------

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) (Beyotime, Nanjing, China) was used to calculate cell viability. Cells (2×10^3^)/well were seeded on 96-well plates and treated under different conditions as indicated and incubated at 37°C ([@b14-ijo-51-05-1383],[@b15-ijo-51-05-1383]). MTT solution (300 *µ*l/well) was added after incubation. Following incubation at 37°C for an additional 4 h, the supernatants were removed and 200 *µ*l dimethyl sulfoxide (DMSO, Sigma-Aldrich) was added into each well to dissolve the formazan crystals. The 96-well plates were then placed in a microplate reader to determine the absorbance at 490 nm. Each test was carried out in triplicate.

Migration assays
----------------

SGC7901/DDP cells (1×10^4^) after incubation with DPP, LIQ or the co-treatment of the two drugs for 24 h were seeded into the upper chamber of a Transwell^®^ system (Corning, USA) following the manufacturer\'s instructions. The medium in the lower chamber contained 5% FBS as a source of chemoattractants. Cancer cells were suspended in serum-free medium. The cultures were rinsed with PBS and the medium was replaced with fresh medium alone or supplemented with 10% FBS. The cells were then incubated for 24 h at 37°C. The number of cells in migration was counted under a microscope.

Colony formation analysis
-------------------------

SGC7901/DDP cells (1×10^4^) were first incubated with DPP, LIQ or the two in combination for 24 h. Also, then the medium was removed and the cells were seeded into the upper chamber of Transwell systems (Corning) in accordance with the manufacturer\'s instructions. The medium in the lower chamber was supplemented with 5% fetal bovine serum (FBS, Gibco) as a source of chemoattractants. SGC7901/DDP cells were then suspended in serum-free medium. The cultures were washed with PBS and the medium was replaced with fresh medium alone or supplemented with 5% FBS. Next, SGC7901/DDP cells were incubated for another 24 h at 37°C. The number of migrated cells was counted with a microscope.

The wound healing analysis
--------------------------

SGC7901/DDP cells were seeded and grown on a 6-well plate treated with DPP, LIQ or the two in combination for 24 h. Then, the monolayers of cancer cells were wounded using a pipette tip. Gastric cancer cells were then rinsed with PBS to remove cellular debris and subjected to migration for 24 h. The representative images were captured on 0 and 24 h, respectively, after the wound using an inverted microscope.

Cell cycle arrest analysis
--------------------------

The effect of LIQ, DDP or LIQ/DDP co-treatment on cell cycle distribution was examined using flow cytometry analysis. After treatment under various conditions, all cells were harvested and fixed in 70% ethanol. The cells were then washed with PBS twice and stained with PI solution containing 50 *µ*g/ml PI and 25 *µ*g/ml RNAse for 30 min. Finally, all cells were analyzed by a FACSCalibur flow cytometer (BD Pharmingen, USA).

Assessment of apoptosis
-----------------------

SGC7901/DDP cells treated under different conditions as indicated were harvested in PBS. Then, the cells were incubated with Annexin V-FITC and PI (Sigma-Aldrich) for 15 min in a darkroom at room temperature. Then, the stained cells were analyzed through flow cytometry (BD Pharmingen).

Hoechst 33258 staining of SGC7901/DDP cells was used to determine the apoptotic status. Cells (1×10^6^)/ml SGC7901/DDP cells were seeded in 6-well plates and then treated as indicated. The cells were collected after various treatments, washed with PBS twice, and fixed with 4% paraformaldehyde (Taize Ruida Technology Co. Ltd., Beijing, China) for 10 min and then washed with PBS three times. Next, the cells were stained with Hoechst 33258 solution (Beyotime) following the manufacturer\'s instructions. The representative images were immediately captured through a fluorescence microscope (Olympus Corp., Japan) to calculate the apoptotic cells.

SGC7901/DDP cells were exposed to LIQ, DDP or the two in combination for 24 h on 12-well plates. Next, the One Step TUNEL Apoptosis assay kit (KeyGen Biotech) was used to determine the apoptosis following the manufacturer\'s instructions. The staining intensity was assessed through a fluorescence microscopy.

Mitochondrial potential evaluation
----------------------------------

JC-1 and JC-10 dye loading solutions (Abcam, USA) were added to SGC7901/DDP cells after various treatments as described and incubated for 30 min. The fluorescent intensities for both J-aggregates and monomeric forms of JC-1 and JC-10 were calculated at Ex/Em = 490/525 nm and 490/590 nm using a microplate reader.

Measurement of caspase activity
-------------------------------

Caspase activity kits (Beyotime Biotech) were used to assess caspase activity according to the manufacturer\'s instructions. SGC7901/DDP cells underwent various treatments, then the lysates were prepared. Activities of caspase-8/-9 and -3 was measured by the use of substrate peptides Ac-IETD-pNA, Ac-LEHD-pNA and Ac-DEVD-pNA, respectively. Also, the pNA release was determined by calculating the absorbance at 405 nm using a microplate reader.

Transmission electron microscopy (TEM) assays
---------------------------------------------

After different treatments as indicated, SGC7901/DDP cells were collected and washed with PBS and then fixed in glutaraldehyde (2.5%) overnight. The cells were washed by PBS (0.1 M) and fixed with OsO~4~ (1%). Next, the SGC7901/DDP cells were dehydrated with a range of alcohol concentrations for 15 min. The cells were then embedded into paraffin and sliced using an LKB-V ultramicrotome (LKB, Bromma, Sweden). For acquiring TEM images, the prepared sections were observed on a JEM-2100 microscope operating at an accelerating voltage of 200 kV (Jeol Ltd., Tokyo, Japan).

Western blot analysis
---------------------

SGC7901/DDP cells after different treatments were harvested and washed with chilled PBS. The cells and gastric tumor tissues were lysed in 50 mM Tris-Cl (pH 7.5) containing 150 mM NaCl, 0.5% deoxycholic acid, 1% NP-40, 0.1% SDS, and a protease inhibitor (Sigma-Aldrich) on ice for 10 min to yield a homogenate. The final supernatants were obtained by centrifugation at 15,000 × g for 15 min at 4°C. The concentration of protein was measured using BCA protein assay kit (Thermo Fisher Scientific, USA) with bovine serum albumin as a standard. Sample-loading buffer was added, the mixture was boiled for 5 min. The total protein extract are used for western blot analysis. Total protein (40 *µ*g) was loaded and the proteins were then separated using 10% SDS-PAGE and electrophoretically transferred to the polyvinylidene difluoride membranes (Millipore, USA). Then, the membranes were blocked with skim milk (5%) Tris-buffered saline with 0.1% Tween-20 (TBST), washed, and then incubated with primary antibody overnight at 4°C. The membrane was then washed with TBST three times, followed by incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz Biotechnology Inc., USA) at room temperature for 2 h. Following another round of washing with TBST, the membrane was then developed using ECL, and exposed to Kodak (Eastman Kodak Co., USA) X-ray film. The protein expression levels were defined as grey value by the use of ImageJ 1.38 software (National Institutes of Health, USA) and standardized to housekeeping gene of GAPDH and expressed as a fold of control. All experiments were performed in triplicate independently. The primary antibodies for GAPDH (1:1,000, ab8245, Abcam), p53 (1:1,000, ab1431, Abcam), p62 (1:1,000, ab56416, Abcam), Beclin 1 (1:1,000, ab62557, Abcam), LC3B (1:1,000, ab48394, Abcam), caspase-8 (1:1,000, ab25901, Abcam), caspase-9 (1:1,000, ab25758, Abcam), cyclin A (1:1,000, 4656, Cell Signaling Technology, USA), cyclin D1 (1:1,000, 2978, Cell Signaling Technology), CDK4 (1:1000, ab137675, Abcam), p21 (1:500, KD1406, Santa Cruz Biotechnology), caspase-3 (1:1,000, ab52293, Abcam), and PARP (1:1,000, ab4830, Abcam) were included.

Animals and treatments
----------------------

Forty, 5-week-old male BALB/c-nu mice, weighed 15--18 g, were subcutaneously injected with 2×10^5^ SGC7901/DDP cells in the left flank. All mice were purchased from Shanghai Laboratory Animal Center (Shanghai, China). Before the experiments, the mice were acclimatized to the new environment for a week. All protocols used followed the Regulations of Experimental Animal Administration issued by the Ministry of Science and Technology of the People\'s Republic of China. Mouse care and usage were performed in accordance with the ethical guidelines of Huai\'an First People\'s Hospital, Nanjing Medical University (Nanjing, China). The mice were raised in air-conditioned pathogen-free rooms at 25±2°C with 50±10% humidity under controlled lighting (12 h light/day) and fed with standard laboratory food and water. When the tumors were visible (the tumor size reached to 50 mm^3^), the mice were randomly divided into four groups (10 mice per group). The control group received the vehicle (PBS) injection i.p., and the treatment group was administered with LIQ (15 mg/kg), DDP (3 mg/kg) and the two in combination i.p. every day ([@b16-ijo-51-05-1383],[@b17-ijo-51-05-1383]). Liquiritin was dissolved in PBS, and it was dispersed in PBS to form an aqueous suspension in ultrasonic water bath for i.p. injection. After treatments for 21 days, all animals were sacrificed. The tumors were excised and measured. Also, the tumor tissues were fixed in 10% formalin for further research.

The immunohistochemical analysis
--------------------------------

Formalin-fixed tumor tissue samples were first embedded in paraffin (4%) and then the paraffin-embedded samples were cut into serial sections (3 *µ*m thickness). Primary tumor sections were stained with hematoxylin and eosin (H&E). Mouse gastric tumors were sectioned (3 *µ*M thickness), and stained with Ki-67 (Abcam), and analyzed through a microscope. The representative images were arranged using TissueFAXs (Tissue-Gnostics) software. The percentage of Ki-67-positive cells in each tumor section was quantified. The apoptosis of tumor tissues was also measured via TUNEL assay using a In situ Apoptosis Detection kit (KeyGen Biotech) in line with the manufacturer\'s protocol. After deparaffinization and hydration, tumor tissue sections were rinsed with PBS for twice and then incubated with proteinase K (20 *µ*g/ml, Abcam) at 37°C for 25 min, which was followed by washing with PBS. Next, all sections were incubated with TUNEL mixture. The gastric tumor sections were counter-stained with DAPI. In the end, the tissue sections were observed with a microscope. In addition, for immunohistochemical analysis of cleaved caspase-3 and LC3B, tumor tissue sections were deparaffinized in xylene, followed by hydration through graded alcohol, and treated with 3% H~2~O~2~ for 15 min. The boiling sodium citrate buffer was used for antigen retrieval for 10 min. Next, tumor tissue sections were incubated with 10% normal goat serum for 15 min, and then incubated with primary antibodies of active caspase-3 and LC3B at 4°C overnight. Next, the slides were rinsed with PBS three times, the sections were incubated using secondary antibody for 30 min at 37°C. 3,3′-diaminobenzidine (DAB, KeyGen Biotech) was used for the staining of the nucleus. Also, hematoxylin (Beyotime) was added for the counterstaining of the background.

Statistical assays
------------------

The quantitative data are presented as the mean ± SEM of triplicate experiments. Statistically significant values were compared using the ANOVA and the Dunnett\'s post hoc test, and p\<0.05 was considered to indicate a statistically significant result.

Results
=======

Liquiritin potentiates the suppressive effects of DDP on the proliferation of DDP-resistant gastric cancer cells
----------------------------------------------------------------------------------------------------------------

DDP-resistant gastric cancer cells (SGC7901/DDP) were treated with LIQ to explore if it could potentiate the effects of DDP on the suppression of gastric cancer progression. SGC7901 cells were cultured with DDP (2 *µ*g/ml) and LIQ (0, 20, 40, 60 and 80 *µ*M) or the two in combination as indicated for 24 h. Then, the cell death condition was investigated using MTT analysis. As shown in [Fig. 1A](#f1-ijo-51-05-1383){ref-type="fig"}, we found that treatment of DDP showed no influence on the cell death compared to the control group in the absence of DDP and LIQ (DDP^−^/LIQ^−^). LIQ single treatment was found to significantly increase the percentage of cell death. Of note, co-treatment of DDP and LIQ further elevated the cell death levels, which was comparable to the DDP^−^/LIQ^+^ group. Also, LIQ-induced cell death was dose-dependent. Next, the potential cytotoxicity of LIQ was measured. The rat gastric mucosal cells (RGM-1, left) and human gastric epithelium cells (GES-1, right) were cultured with different concentrations (0, 5, 10, 20, 40, 80 and 160 *µ*M) of LIQ for 24 h, followed by MTT analysis. As shown in [Fig. 1B](#f1-ijo-51-05-1383){ref-type="fig"}, the data indicated that there was no significant difference between the control group and the LIQ-treated groups. Thus, LIQ showed no cytotoxicity to normal gastric cells treated within our conditions, demonstrating its safety for application. Following, the morphology of SGC7901/DDP cells treated with DDP, LIQ or the two in combination was observed under a microscope. DDP and LIQ co-treatment showed stronger suppressive role in the proliferation of SGC7901/DDP cells. Also, clonogenic analysis further confirmed the effective role of DDP/LIQ in suppressing the gastric cancer cells. In addition, the migration and wound healing analysis indicated that DDP/LIQ combination could markedly inhibit the migration of SGC7901/DDP cells in comparison to the DDP^−^/LIQ^+^ group ([Fig. 1C--F](#f1-ijo-51-05-1383){ref-type="fig"}). In conclusion, LIQ was able to remarkably increase the sensitivity of SGC7901/DDP cells to DDP, contributing to the cell death.

Liquiritin induces G0/G1 cell cycle arrest in DPP-resistant gastric cancer cells
--------------------------------------------------------------------------------

Cell proliferation has a close relationship with the distribution of cell cycle phase. Thus, in order to verify if the growth suppression caused by DDP/LIQ was related to cell cycle arrest, the role of DDP/LIQ in the cell cycle distribution was measured using flow cytometry. As shown in [Fig. 2A and B](#f2-ijo-51-05-1383){ref-type="fig"}, the proportion of SGC7901/DDP cells at G1/S was significantly increased after DDP/LIQ co-treatment compared to the LIQ-single treatment. Next, the cell cycle-associated molecules were calculated through western blot analysis. The results indicated that DDP and LIQ in combination markedly reduced cyclin D1, cyclin A and CDK4 expressions, while p53 and p21 were found to be enhanced, which were comparable to the single treatment of LIQ ([Fig. 2C and D](#f2-ijo-51-05-1383){ref-type="fig"}). Taken together, the findings above indicated that DDP/LIQ induced G0/G1 cell cycle arrest through modulating the important signals regarding to DNA damage.

Liquiritin and DDP co-treatment enhances apoptosis in DDP-resistant gastric cancer cells through promoting caspase-3 expression
-------------------------------------------------------------------------------------------------------------------------------

Apoptosis plays an essential role in inducing cell death, which is widely used as a vital molecular mechanism to explore new and effective therapies against the progression of various tumors ([@b18-ijo-51-05-1383],[@b19-ijo-51-05-1383]). [Fig. 3A](#f3-ijo-51-05-1383){ref-type="fig"} illustrates that LIQ could effectively induce apoptosis in SGC7901/DDP cells, and considerably, LIQ combined with DDP further improved the apoptotic proportion. Similarly, Hoechst 33258 staining and TUNEL staining suggested that co-treatment of DDP and LIQ could dramatically induce apoptosis in SGC7901/DDP cells compared to the LIQ group ([Fig. 3B](#f3-ijo-51-05-1383){ref-type="fig"}). Further, the fluorescent intensities for both J-aggregates and monomeric forms of JC-1 and JC-10 were markedly enhanced by DDP/LIQ co-treatment in SGC7901/DDP cells, which further proved that apoptosis was induced in DDP-resistant gastric cancer cells ([Fig. 3C and D](#f3-ijo-51-05-1383){ref-type="fig"}). Together, the results above indicated that DDP/LIQ could induce apoptosis in SGC7901/DDP cells, contributing to cell death.

Caspases are important signals involved in apoptosis induction ([@b20-ijo-51-05-1383]). Thus, here we attempted to explore how these signals altered in SGC7901/DDP cells after various treatments. From [Fig. 4A](#f4-ijo-51-05-1383){ref-type="fig"}, we found that cleaved caspase-8/-9/-3 and PARP were highly induced by LIQ, and of note, DDP and LIQ in combination showed stronger effects to induce the expression of these proteins. Moreover, the activity of caspase-8/-9 and -3 in DDP-resistant gastric cancer cells was measured. As shown in [Fig. 4B](#f4-ijo-51-05-1383){ref-type="fig"}, DDP/LIQ co-treatment considerably enhanced caspase-8/-9 and -3 activiy, respectively, indicating that LIQ/DDP-induced apoptosis was tightly associated with caspase-3 pathway in SGC7901/DDP cells.

Liquiritin and DDP double therapy triggers autophagy in DDP-resistant gastric cancer cells
------------------------------------------------------------------------------------------

Autophagy is another molecular mechanism by which the cells are induced to death. Thus, autophagy plays an essential role in drug exploration for preventing tumor growth ([@b21-ijo-51-05-1383],[@b22-ijo-51-05-1383]). As shown in [Fig. 5A](#f5-ijo-51-05-1383){ref-type="fig"}, the TEM analysis indicated that the cell structure was severely damaged by LIQ treatment, which was accelerated due to its combination with DDP. Following, western blot analysis suggested that autophagy-related signals of LC3BI/II, and Beclin 1 were highly induced by LIQ single treatment, while p62 was found to be suppressed. Notably, DDP/LIQ co-treatment further augmented LC3BI/II and Beclin 1 expression and reduced p62 expression, resulting in autophagy in SGC7901/DDP cells ([Fig. 5B](#f5-ijo-51-05-1383){ref-type="fig"}). Finally, fluorescent analysis further evidenced that LC3B were highly induced by LIQ/DDP co-treatment compared to the DDP^−^/LIQ^+^ group, indicating that autophagy could be induced by DDP/LIQ, resulting in gastric cancer cell death ([Fig. 5C](#f5-ijo-51-05-1383){ref-type="fig"}).

Liquiritin and DDP co-treatment suppresses tumor growth of xenograft mice in vivo
---------------------------------------------------------------------------------

*In vivo*, the SGC7901/DDP cells (2×10^5^) were subcutaneously inoculated into nude mice. When tumor size reached to \~50 mm^3^, mice were randomly grouped to receive DDP (3 mg/kg) and LIQ (15 mg/kg) or the two in combination for 21 days. As shown in [Fig. 6A and B](#f6-ijo-51-05-1383){ref-type="fig"}, we found that DDP and LIQ in combination significantly reduced the size, volume and weight of tumor compared to LIQ single treatment, suggesting that co-treatment of LIQ and DDP could reduce the growth of tumor *in vivo*. [Fig. 6C](#f6-ijo-51-05-1383){ref-type="fig"} also indicated that the number of tumor cells was obviously reduced by DDP and LIQ double therapy. Finally, the immunohistochemical analysis showed dramatically downregulated Ki-67 levels and upregulated TUNEL-positive cells in tumor tissue sections with DDP/LIQ treatment together, further indicating that DDP/LIQ impeded the tumor growth and induced apoptosis *in vivo* ([Fig. 6D and E](#f6-ijo-51-05-1383){ref-type="fig"}).

Liquiritin and DDP co-treatment induces apoptosis and autophagy in tumor tissues
--------------------------------------------------------------------------------

The results above elucidated that DDP/LIQ co-treatment could trigger apoptosis and autophagy *in vitro*. Thus, here we attempted to explore if the possible molecular mechanism was involved *in vivo*. As shown in [Fig. 7A and B](#f7-ijo-51-05-1383){ref-type="fig"}, cleaved caspase-3- and LC3B-positive cells were significantly elevated in DPP/LIQ-treated group of tumors. Furthermore, western blot analysis showed that high expression of cyclin D1 and CDK4 was reduced by LIQ, which were further downregulated by DDP/LIQ co-treatment. In contrast, p53 and p21 expressions were found to be markedly elevated in DDP/LIQ group, suggesting the suppressive effects of DDP/LIQ on gastric cancer growth ([Fig. 7C](#f7-ijo-51-05-1383){ref-type="fig"}). Also, the expression levels of cleaved caspase-8/-9/-3 and PARP, contributing to the progression of apoptosis, were dramatically improved by co-treatment of DDP and LIQ ([Fig. 7D](#f7-ijo-51-05-1383){ref-type="fig"}). Also, autophagy-related molecules of LC3B and Beclin 1 were considerably induced by DDP/LIQ, while p62 was reduced, which were in line with the results *in vitro* ([Fig. 7E](#f7-ijo-51-05-1383){ref-type="fig"}). In summary, the data above indicated that co-treatment of DDP/LIQ could induce apoptosis and autophagy in gastric tumor samples *in vivo*, performing its role in suppressing gastric tumor growth.

Discussion
==========

During the process of tumor chemotherapy, one of the most intractable problems is the occurrence of drug resistance of cancer cells to chemotherapeutic drugs ([@b8-ijo-51-05-1383],[@b23-ijo-51-05-1383],[@b24-ijo-51-05-1383]). Resistance to chemotherapy is a major obstacle for the effective treatment of cancers. The mechanism of chemoresistance is still poorly understood. The development of multidrug resistance is a crucial problem of therapy failure in gastric cancer, which results in disease recurrence and metastasis ([@b25-ijo-51-05-1383],[@b26-ijo-51-05-1383]). In the clinical practice, a large number of Chinese medicine drugs have exhibited effective synergism in chemotherapy. The procedure has been evidenced in numerous studies ([@b27-ijo-51-05-1383],[@b28-ijo-51-05-1383]). Recently, liquiritin (LIQ) displayed comprehensive ability to prevent the progression of tumors, such as the non-small cell lung cancer (NSCLC) by inducing apoptosis ([@b29-ijo-51-05-1383]). Though LIQ has been reported to have anticancer ability, how it suppressed cancer development and the underlying molecular mechanisms are not well known. Thus, further study is still required to fully explain its bioactivities against different types of cancer, including gastric carcinoma. Modern pharmacological studies have indicated that application of two drugs in combination could suppress the growth, proliferation, migration and invasion of various tumor cells, induce apoptosis and autophagy of tumor cells and impede the role of tumor-promoting substances on the potential tumor cells ([@b30-ijo-51-05-1383]--[@b32-ijo-51-05-1383]).

In order to further explore the role of LIQ in preventing gastric cancer, gastric cancer cells of SGC7901 with DDP resistance were used in our study. SGC7901/DDP cells show resistance to a large number of chemotherapeutic drugs ([@b33-ijo-51-05-1383],[@b34-ijo-51-05-1383]). We combined LIQ and DDP to prevent SGC7901/DDP cells. The results indicated that LIQ could enhance the killing ability of DDP on SGC7901/DDP cells and promote the effects of DDP on the induction of apoptosis and autophagy in SGC7901/DDP cells. Further, the cytotoxicity of LIQ was measured. MTT analysis indicated that there was no significant difference between the Con and LIQ-treated groups, indicating its safety for application within our conditions ([@b14-ijo-51-05-1383],[@b15-ijo-51-05-1383]). *In vivo*, LIQ and DDP in combination showed strongly suppressive effects on the growth of SGC7901/DDP xenograft tumor in nude mice. The results above suggested that LIQ could enhance the sensitivity of SGC7901/DDP cells to DDP treatment, reducing the drug resistance.

Cancer is characterized by abnormal cell growth, which evolves, at least partly by over-riding the regulation of cellular proliferation ([@b35-ijo-51-05-1383]). Cyclins and cyclin-dependent kinases (CDKs) are tightly included in the process of cell cycle in tumor cells. CDKs are important modulators of cell cycle machinery, influencing the progression of cell cycle from one phase to the next ([@b36-ijo-51-05-1383],[@b37-ijo-51-05-1383]). Unusual cyclins and CDK activity leads to dysregulation of programmed cell death or apoptotic development, which contributes to selective growth advantage for tumor cells. Dys-regulated cell cycle process is an essential factor during development and progression of cancer ([@b38-ijo-51-05-1383],[@b39-ijo-51-05-1383]). Controlling the process of cell cycle in tumor cells is an effective therapeutic strategy to inhibit tumor growth and development, and cell cycle regulators are deregulated in most common malignancies ([@b40-ijo-51-05-1383],[@b41-ijo-51-05-1383]). Regulating the cell cycle at G1 checkpoint is complex, including multiple molecular processes. P53 is a frequent target for mutation in various human tumors ([@b42-ijo-51-05-1383]). Additionally, p53 could respond to different stresses, such as the cell cycle arrest, DNA repair, and apoptosis ([@b43-ijo-51-05-1383]). As reported previously, p21 plays an essential role in diminishing the G1 cell cycle arrest in different tumor cells. P53 inhibits the cell cycle progression by triggering CDK suppressors, including p21 ([@b44-ijo-51-05-1383]). In our study, we found that G1/G0 cell cycle arrest was induced by LIQ, which was further enhanced by LIQ and DDP in combination. Also, consistently, cyclin D1, cyclin A and CDK4 were highly induced by LIQ/DDP co-treatment, while p53 and p21 were reduced, indicating that LIQ potentiated the effects of DDP on the suppression of SGC7901/DDP cells.

Apoptosis is a morphologically obvious form of programmed cell death, which plays an essential role in regulating homeostasis and development of organisms. In addition, the progression of numerous diseases is linked with apoptosis, including different cancers ([@b45-ijo-51-05-1383],[@b46-ijo-51-05-1383]). Inducing apoptosis is an important molecular mechanism by which a variety of anticancer drugs were explored ([@b47-ijo-51-05-1383]). In our present study, we found that apoptosis was highly induced by LIQ and DDP co-treatment through flow cytometry, Hoechst 33258 and TUNEL staining. Caspase is a family of cysteine proteases, modulating apoptosis ([@b48-ijo-51-05-1383]). In response to cell death stimuli, Bax could migrate to mitochondria to induce a cascade of mitochondrial permeability transition pore-related events, resulting in a downregulation in the mitochondrial membrane potential and apoptosis ([@b49-ijo-51-05-1383]). In the end, caspase-9 is activated, promoting the cleavage of caspase-3 and PARP, which contributes to apoptosis and ultimately cell death ([@b50-ijo-51-05-1383]). Caspase-8 participates in the extrinsic apoptosis signaling, which is another mechanism to induce apoptosis ([@b51-ijo-51-05-1383]). In our study, we found that cleaved caspase-8/-9/-3 and PARP were expressed highly in the group of LIQ/DDP, revealing that LIQ might enhance the role of DDP in inducing apoptosis in SGC7901/DDP cells, dependent on both intrinsic and extrinsic signaling pathways.

Autophagy is a homeostatic and catabolic process, which is crucial for the packaging and degradation of cytoplasmic proteins and organelles ([@b52-ijo-51-05-1383]). Therefore, autophagy is necessary to maintain genomic stability and overall cell survival ([@b21-ijo-51-05-1383]). Microtubule-associated protein light chain 3 (LC3) is localized and accumulated on the autophagosome, which is well known as an important hallmark of autophagy ([@b53-ijo-51-05-1383]). LC3B transforms from LC3B-I to LC3B-II, resulting in autophagosome formation ([@b54-ijo-51-05-1383]). Beclin 1 is another important marker of autophagy. Beclin 1 forms a complex with type III phosphatidylinositol that allows the nucleation of the autophagic vesicles ([@b55-ijo-51-05-1383]). p62 has a close relationship with autophagy, possessing an LC3-interacting region ([@b56-ijo-51-05-1383]). In our study, LIQ improved the effects of DPP to trigger autophagy in SGC7901/DDP cells, evidenced by the considerable increasing of LC3B, Beclin 1 and decreasing of p62. In the present study *in vivo*, we found that LIQ/DDP co-treatment significantly downregulated the SGC7901/DDP tumor growth, proved by limited tumor volume and tumor weight. Furthermore, the western blot and histochemistry analysis further ensured the suppression of cyclin D1 and CDK4, improvement of p53, p21, cleaved caspase-8/-9/-3 and PARP, as well as elevation of LC3B-II and Beclin 1 after treatment of LIQ/DDP in animals, indicating that LIQ might be effective in blunting tumor growth and inducing apoptosis and autophagy.

In conclusion, the results above indicated that LIQ could enhance the pro-apoptotic effect of DDP on human gastric cancer SGC7901/DDP cells through arresting G0/G1 phase cycle, inducing apoptosis and autophagy. In the xenograft models, LIQ/DDP administration showed obvious anticancer activity with reduced tumor volume and weight. Thus, LIQ could be considered as synergistic drug with DDP to prevent gastric cancer.
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![Liquiritin potentiates the suppressive effects of DDP on the proliferation of DDP-resistant gastric cancer cells. (A) SGC7901 cells were treated with DDP (2 *µ*g/ml) and LIQ (0, 20, 40, 60 and 80 *µ*M) or the two in combination as indicated for 24 h. Then, the cell viability was calculated using MTT analysis. (B) The rat gastric mucosal cells (RGM-1, left) and human gastric epithelium cells (GES-1, right) were cultured with different concentrations (0, 5, 10, 20, 40, 80 and 160 *µ*M) of LIQ for 24 h, followed by MTT analysis to calculate the cell viability. (C) SGC7901/DDP cells were treated as indicated for 24 h. Then, the morphology of cells was observed under a microscope. The colony formation was analyzed. The migration of cancer cells was determined; and the wound healing assay was carried out to further evaluate the migration of DDP-resistant gastric cancer cells treated by LIQ. (D) The number of clonogenetic cells was quantified. (E) The percentage of migrated cells is shown. (F) The relative wound healing width was quantified. Data are presented as the mean ± SEM, \*p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 versus the DDP^−^/LIQ^−^ group. ^+^p\<0.05, ^++^p\<0.01 and ^+++^p\<0.001 versus the DDP^−^/LIQ^+^ group.](IJO-51-05-1383-g00){#f1-ijo-51-05-1383}

![Liquiritin induces G0/G1 cell cycle arrest in DPP-resistant gastric cancer cells. (A) SGC7901/DDP cells were treated with DDP and LIQ or the two in combination for 24 h, followed by flow cytometry to evaluate the distribution of cell cycle phrase. (B) The results of distribution in cycle phrase were exhibited following flow cytometry. (C) Western blot analysis was used to measure DNA damage checkpoint-related signals, including cyclin D1, cyclin A, CDK4, p53 and p21. (D) The relative quantification of each protein is displayed. Data are represented as the mean ± SEM, ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 versus the DDP^−^/LIQ^−^ group. ^+^p\<0.05, ^++^p\<0.01 and ^+++^p\<0.001 versus the DDP^−^/LIQ^+^ group.](IJO-51-05-1383-g01){#f2-ijo-51-05-1383}

![Liquiritin and DDP co-treatment enhances apoptosis in DDP-resistant gastric cancer cells. (A) SGC7901/DDP cells were cultured with DDP and LIQ or the two in combination for 24 h. Then, all cells were harvested for apoptosis analysis using flow cytometry. The quantification of apoptotic cells is exhibited. (B) Hoechst 33258 staining (upper) and TUNEL staining (lower) were used to evaluate the apoptotic cells treated under different conditions. The mitochondrial membrane potential was verified through measuring (C) JC-1 and (D) JC-10 levels. Also, the ratio of control is shown. Data are presented as the mean ± SEM, ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 versus the DDP^−^/LIQ^−^ group. ^+^p\<0.05, ^++^p\<0.01 and ^+++^p\<0.001 versus the DDP^−^/LIQ^+^ group.](IJO-51-05-1383-g02){#f3-ijo-51-05-1383}

![Caspase-3 signaling pathway is involved in liquiritin and DDP-induced apoptosis. (A) SGC7901/DDP cells were exposed to LIQ and DDP in single or double treatments for 24 h, and then western blot analysis was performed to determine the expressions of cleaved caspase-8/-9/-3 and PARP. The quantification of each protein was displayed. In addition, the activity of active caspase-8/-9 and -3 was assessed (B). Data are presented as the mean ± SEM, ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 versus the DDP^−^/LIQ^−^ group. ^+^p\<0.05, ^++^p\<0.01 and ^+++^p\<0.001 versus the DDP^−^/LIQ^+^ group.](IJO-51-05-1383-g03){#f4-ijo-51-05-1383}

![Liquiritin and DDP double therapy triggers autophagy in DDP-resistant gastric cancer cells. (A) The TEM study of SGC7901 treated as indicated. (B) Western blot analysis was used to determine autophagy-related signals, including LC3B, Beclin 1 and p62. The quantification of the proteins was exhibited following the immunoblotting analysis. (C) Immunofluorescent analysis was used to calculate LC3II levels in SGC7901/DDP cells. Data are presented as the mean ± SEM, ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 versus the DDP^−^/LIQ^−^ group. ^+^p\<0.05, ^++^p\<0.01 and ^+++^p\<0.001 versus the DDP^−^/LIQ^+^ group.](IJO-51-05-1383-g04){#f5-ijo-51-05-1383}

![Liquiritin and DDP co-treatment suppresses tumor growth of xenograft mice *in vivo*. SGC7901/DDP cells (2×10^5^) were subcutaneously inoculated into nude mice. When tumors were obvious (tumor size \~50 mm^3^), mice were randomly grouped to receive DDP (3 mg/kg) and LIQ (15 mg/kg) or the two in combination for 21 days. (A) Representative images are displayed. (B) The tumor volume and weight were measured and the results are shown. (C) The H7E staining of tumor tissue samples from each group. (D) Ki-67 and (E) TUNEL levels expressed in tumors were measured using immunohistochemical analysis. Data are presented as the mean ± SEM, ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 versus the DDP^−^/LIQ^−^ group. ^+^p\<0.05, ^++^p\<0.01 and ^+++^p\<0.001 versus the DDP^−^/LIQ^+^ group.](IJO-51-05-1383-g05){#f6-ijo-51-05-1383}

![Liquiritin and DDP co-treatment induces apoptosis and autophagy in tumor tissues. (A) Cleaved caspase-3 and (B) LC3II expression levels were determined using immunohistochemical analysis. The percentage of cleaved caspase-3- and LC3II-positive levels is shown. (C) DNA damage checkpoint proteins were measured though western blot analysis. (D) Cleaved caspase-8/-9/-3 and cleaved PARP expression levels were tested using western blot analysis. (E) Autophagy-associated signals of LC3B, Beclin 1 and p62 were calculated through immunoblotting analysis. Data are represented as the mean ± SEM, ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 versus the DDP^−^/LIQ^−^ group. ^+^p\<0.05, ^++^p\<0.01 and ^+++^p\<0.001 versus the DDP^−^/LIQ^+^ group.](IJO-51-05-1383-g06){#f7-ijo-51-05-1383}
